N

N

Convergence of capillary fluid models: from the
non-local to the local Korteweg model
Frédéric Charve, Boris Haspot

» To cite this version:

Frédéric Charve, Boris Haspot. Convergence of capillary fluid models: from the non-local to the local
Korteweg model. Indiana University Mathematics Journal, 2011, 6, pp.2021-2060. hal-00778797

HAL Id: hal-00778797
https://hal.science/hal-00778797

Submitted on 21 Jan 2013

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00778797
https://hal.archives-ouvertes.fr

Convergence of capillary fluid models: from the non-local to
the local Korteweg model

Frédéric Charve? Boris Haspot T+

Abstract

In this paper we are interested in the barotropic compressible Navier-Stokes sys-
tem endowed with a non-local capillarity tensor depending on a small parameter &
such that it heuristically tends to the local Korteweg system. After giving some expla-
nations about the capillarity (physical justification and purpose, motivations related
to the theory of non-classical shocks (see [28])), we prove global well-posedness (in
the whole space R? with d > 2) for the non-local model, as well as the convergence,
as € goes to zero, to the solution of the local Korteweg system.

1 Introduction

1.1 Presentation of the models

This section is widely inspired by the works of F.Coquel, D.Diehl, C.Merkle, and C.Rohde
and we refer to [32], [11] for an in-depth presentation of the capillary models.

The mathematical description of liquid-vapour phase interfaces has a long history and
has been recently renewed in the 80’s after the works of Dunn and Serrin (see [16]). The
first investigations begin with the Young-Laplace theory which claims that the phases are
separated by a hypersurface and that the jump in the pressure across the hypersurface
is proportional to the curvature of the hypersurface.

The point is to describe the location (and the movement) of the interfaces and to
understand whether an interface behaves as a discontinuity in the state space (sharp
interface, SI) or whether the phase boundary corresponds to a more regular transition
(diffuse interface, DI). The DI approach is often favored because it covers topological
changes in the phase distribution (such as the separation of bubbles/drops), and because
its mathematical and numerical study are much more simple. Indeed it only requires one
set of equations to be solved in a single spatial domain (the density takes into account the
different phases), instead of one system per phase coupled with free-boundary problems
required by the SI model.
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1.1.1 Basic modelization setting

Let us consider a single-component fluid contained in an open set  C R? at constant
temperature T*. In the isothermal setting the density is denoted by p : @ —1]0, [ (b > 0).
To be able to determine the two phases, we need to define the energy density function
as:

W(p) = pf(p,T*), p€l0,b], and f € C*(0,). (1.1)

W has to satisfy the following properties:
e Joq < as €]0,0] such that W > 0 in ]0, a1 [U]ag, b[ and W' < 0 in Jaq, aso|.
o lim, .o W(p) = lim,_,;, W(p) = +o0.
e W >0in0,b[.

We refer to [30] and [11] for a far more complete presentation. Since we consider the fluid
as a single system, the phase state is determined by the density: the high variations of
density define the location of the interfaces and we will say that the fluid at the position
x is in the vapour/elliptic (or spinodal)/liquid phase if p(x) €]0, aq]/[a1, a2]/[cg, b[.
According to standard thermodynamical theory, we define the pressure as:

P:p€lo,b[ = P(p) = pW'(p) — W(p) €]0, +ool. (1.2)

Thus the pressure is a non-convez and non-monotone function ( because P'(p) = pW" (p)).
A standard model for the pressure in two-phase mixtures is the well-known Van der Waals
law given by:

RT*p
P(p,T") = +— —ap’ (1.3)

—-p

where R is the specific gas constant and a, b are positive constants (the parameter
a controls the attractive forces between molecules of the fluid and b is related to the
molecules size).

1.1.2 Variational Approach for sharp interfaces

One classically associates to this equilibrium problem for the liquid-vapor mixture (at
constant temperature 7™, at least in an asymptotic configuration in time) a variational
problem that consists in minimizing the free energy functional. For this, we introduce
an admissibility set for the density which takes into account the fact that our interfaces
have null thickness, more precisely we set:

A= {pe L(@)W(p) € 1), [ pla)da = m).

Here we have prescribed the total mass by a constant m > 0. To find a static equilibrium,
we need to minimize, when p € A°, the functional:

ﬂmzéwmmm. (1.4)

There are only two points 51 €]0,a1[ and By €]ag, B[, called the Maxwell states, where
W is minimal. A physically correct solution is a minimizer that only takes the values



£1 and (B2 and such that, away from the boundary, the length of the phase interface is
minimal. For example bubbles ans drops are physically correct solutions. The problem
is that if 51]Q] < m < B2|Q] every piecewise constant function p taking its values in
{B1, B2}, so that the total mass is m, is a minimizer. This allows drops and bubbles as
well as an infinity of minimizers describing an arbitrary large number of phase changes
(provided that the total mass is m) which clearly are physically wrong.

In order to identify the good solutions, one needs selection principles and Van der
Waals, in the XIX-th century, seems to be the first to add a term related to the surface
energy to select the physically correct solutions, modulo the introduction of a diffuse
interface. This theory is widely accepted as a thermodynamically consistent model for
equilibria.

Remark 1 All the previous minimizers realize the phase transition as a jump between
the vapour or liquid zones, without taking values in the spinodal zone (at least up to a
set of zero Lebesgue measure). This is why we talk about sharp-interface model.

1.1.3 The local diffuse interface approach

Van der Waals tried to overcome the lack of uniqueness for the SI approach by adding
a term of capillarity (see [35]). His idea for selecting some relevant physical solution is
to penalize the high variations of density (typically at the interfaces) by adding some
derivative terms to the previous functional. More precisely, one considers a new admis-
sibility set A and we now search for a function p. which is a minimizer of the local
Van der Waals functional:

2
€ : oca
Fivalp) = [ W(pela)) 45 1Vp:)P) o, with A = 7 (@) 0 A",

where v > 0 is a capillarity coefficient and ¢ > 0 is a scaling parameter. Obviously,
functions which exhibit jumps across a surface are not in H'(2). By consequence, a
possible two-phase minimizer p. cannot change its phase without taking values in the
elliptic region, another way to express this phenomenon is to say that the constituent
propagates continuously in the interfaces. This is the reason why the variational problem
is called a diffuse interface approach (DI). Here the thickness of the interface is expected
to be of size O(g).

This DI-approach may appear artificial at first sight but a result, obtained by Modica
in [29], validates this method: if a sequence of minimizers p. converges when ¢ tends to
zero, the limit is a physically relevant minimizer of the Sharp-Interface functional F°.

1.1.4 The non-local diffuse interface approach

This alternative approach (also called global diffuse interface approach, introduced by
Serrin et al in [16] and next by Coquel, et al. in [11], and Rohde in [31] and [32]) also
consists in a modification of the sharp-interface functional Fy. This approach does not
need to introduce high derivatives to penalize the high fluctuations of density. Let us
consider the new following admissibility set:

Aglobal — AO N L2(Q),



and let us choose a function ¢ € L'(RY) such that:
(I.] + [.1Ho(.) € LYRY), ¢(x)dx =1, ¢ even, and ¢ > 0. (1.5)
R4

Such a function is called an interaction potential, and ¢.(z) = E%(;S(%) is called scaled
interaction potential. Then for v > 0, we search for p. € A9 that minimizes the
following modified functionnal called non-local Van der Waals functional:

Fioalp) = [ (Weoela) + 7 [ 6= 0)(02(0) — pule) Py

Roughly speaking, the non-local term penalizes high fluctuations on an e-scale if the
interaction potential has most of its mass in a ball centered around zero and whose
radius is of order . The set A9 contains functions with jumps but it can be proved
that minimizers of F ggl obal bake values also in the elliptic regions: the model belongs to
the class of diffuse-interface models. The counterpart of the result of Modica, which also
validates this approach, was proved by Alberti and Bellettini (see [1]).

Remark 2 Let us consider Fgelobal with Q = R and assume that p is an analytic function
(we refer to [32]). If we use an asymptotic expansion of the density into the non-local

term in I, and perform the change of variable r = *¥ we obtain:
[ [ oS e ZeptePans = [ [ 20012 o) dras
RJR k! 83:’“ R JR al’ '

k>1

Since fR @(r)r2dr < 400 holds by definition of ¢, the last expression is equal to the local
penalty terms in F}, ., (up to a multiplicative constant). In particular the scaling with
respect to the small parameter ¢ fits.

1.1.5 Non classical shocks and the Euler problem

Another important approach using selection principles and capillarity concerns the dis-
continuous solutions of nonlinear hyperbolic systems of conservation laws.

Indeed the mathematical model of liquid-vapor flows should have special solutions
that can be interpreted as dynamical phase transitions. In [32], the author shows that
there are traveling-wave solutions for one-dimensional versions of the local and non-local
Korteweg system that connect states in different phases (see below for these systems).
This fact is one of the major arguments to accept the Korteweg systems (see below) as
promising candidates to model the dynamics of liquid vapour flow in a reliable way.

An idea for selecting some relevant solutions of the Euler system with a Van der
Waals pressure is to consider the solutions limit of solutions of (N.SK') systems when the
capillarity and the viscosity coefficients tend to 0. This condition is called the viscosity-
capillarity criterium.

Remark 3 In this case the FEuler system is far from being a standard hyperbolic system:

e it is not hyperbolic (but elliptic) in (&, 1) x R,

a1’ ag



e the characteristic fields are not genuinely nonlinear in the hyperbolic part of the
state space.

Here the classical theory cannot be applied. There exists (see [17]) an infinity of weak en-
tropy solutions of the Riemann problem with initial states in different phases. It means
that the entropy inequalities are not sufficiently discriminating when one characteristic
field fails to be genuinely nonlinear.

By a study of traveling waves (see [28] in the context of the Korteweg de Vries
system, see also [7]) we can remark that generally the limit solutions violate the Oleinik
conditions, more precisely the shocks are undercompressive (it means non classic in the
sense of the Lax theory). We refer for more details to the book [28] of P. Lefloch.

An important research line (see [31], [32], [11]) is to model the capillarity tensor and to
understand how fast the solutions converge to the Euler system when the capillarity and
the viscosity coefficients tend to zero. If we assume the viscosity coefficient equal to €
with € — 0, then we have the three different regimes:

e k << &2, the viscosity dominates.
e x ~ 2 intermediary regime.
e 1 >> 2, the capillarity dominates.

A second important problem from a numerical point of view is to describe the link
between the local and the non-local Korteweg system and more particularly how it plays
on the choice of the thickness of the interfaces. We want here to address this question
and give a speed of convergence between the local and non-local Korteweg system.

1.2 Results
1.2.1 Presentation of the results

The model to study the dynamics of a liquid-vapour mixture is based upon the compress-
ible Navier-Stokes equations with a Van der Waals state law for ideal fluids. Endowed
with such a state law, the system can describe the dynamics of multi-phases (liquid and
vapour) but the effect of surface tension is still not taken into account. In this goal,
Korteweg extended (in [27]) the Navier-Stokes equations by adding a capillarity tensor
modeling the behavior at the interfaces. The additional term is directly related to the
surface energy added to the free functional in order to obtain physically relevant minimiz-
ers. This local Navier-Stokes-Korteweg system belongs to the class of diffuse interface
models and, to penalize the density fluctuations, it involves the density gradient and
in fact it introduces, in the classical model, third-order derivatives of the density (and
therefore numerical complications).

Alternatively, another way to penalize the high density variations consists in applying
a zero order but non-local operator to the density gradient (see [30], [31]). Let us mention
that it was the original idea of Van der Waals in [35] and that statistical mechanics tend
to show that this non-local approach is in fact the correct one (see [32]). This model does
not introduce additional orders of differentiation but a non-local integral operator which



creates comparable numerical difficulties. We refer to the work of Benzoni on capillary
fluids and phase transitions (see [4, 5] and [6]). For new developments we also refer to
the work of M. Heida and J. Mélek in [25].

More precisely, let p and u denote the density and the velocity of a compressible
viscous fluid. As usual, p is a non-negative function and w is a vector-valued function
defined on R?. In the sequel we will denote by A the following diffusion operator

Au = pAu+ (A + p)Vdive, with >0 and v=X+2u>0.
The Navier-Stokes equation for compressible fluids endowed with internal capillarity
reads:

Op + div (pu) = 0,
O(pu) + div (pu @ u) — Au + V(P(p)) = kpV D]p].

In the local Korteweg system (NSK), the capillary term D]p] is given by (see [16]):
Dlp] = Ap,

and, in the non-local Korteweg system (NSRW) (introduced in its modern form by C.
Rohde in [31] and also [11], see Van der Waals [35] for the original works), if ¢ is an
interaction potential which satisfies conditions (1.5), D]p] is a non-local term:

Dipl =¢*p—p.

Both of these systems have been studied in the context of existence of strong solutions
in critical spaces for the scaling of the equations. For example, concerning the strong
solutions, we refer to [15] (and [20] in the non isothermal case) for a study of (NSK)
system, and to [19] for (NSRW). Let us mention some new results in [23] of existence of
global strong solutions with infinite energy for (NSK), in particular the initial density
may be chosen discontinuous (which allows to consider initial data with null thickness
interfaces), and a result of ill-posedness in the sense of the explosion of norm. In [22],
are derived new blow-up conditions of Prodi-Serrin type for (NSK), which is new for
a compressible system (one also obtains blow-up conditions involving a control on the
vacuum of type p% € L¥ (L) for € > 0 arbitrary small).

If we compute the Fourier transform in the capillarity terms (simplified by the den-
sity), we obtain (qg(f) —1)p(§) in the non-local model, and —|€]?p(€) in the local model.

We want to see if, when ¢(€) is formally ”close” to 1—|£|?, we can expect the solutions
of these models to be close. More precisely, the aim of this paper is to approximate the
local Korteweg model (NSK) with a non-local model such as system (NSRW). For
that we will choose a specific function ¢. in the capillarity tensor. The results are the
following (we refer to section 1.4 for precise statements):

Theorem 1 Given the initial density and velocity (po,uo), the capillary coefficient r /s>
and the scaled interaction potential <Z/>\€(£) = 6*52|5|2, if pg is close enough to a constant
state, and if ug is small enough then systems (N SK) and (NSRW') have global solutions,
and the solutions of (NSRW) tend to those of (NSK) when e goes to zero. The speed
of convergence is of the form €* with « €]0, 1].



1.2.2 The models

The non-local system we will consider in this paper is the following:

(NSRW.) Ope + div (peue) = 0,
7 Oilpere) + div (pew @ ue) — Aue + V(P(p2)) = pe 5V (e % pz = pe),
where we set: . ) ,
X . _ =7
¢8 = 57d¢(g) with ¢($) = (27T)de 4

As the Fourier transform of ¢ is quS(f) = ¢~ 1¢” we have:

~

b (&) = eI,
¢-(€) — 1

- 2
= is close to —||°.

and for a fixed &, when ¢ is small,

Remark 4 We mention here that the choice of ¢. and r/e? is in accordance with the
physical relevant capillarity coefficient (see [32]).

We will consider a density which is close to an equilibrium state p and we will introduce
the change of function p = p(1 + ¢). By simplicity we take p = 1. The previous systems
become:

g+ uVqg+ (1+¢q)divu =0,
(K) {

O+ u.Vu — Au+ P'(1).Vq— kVAq = K(q).Vq— I(q)Au,
and
e + ue.Vae + (1 + go)divue =0,
(RW.)  { Oue +ue. Ve — Az + P'(1).Vg. = 5V(6: . — )
= K(g:)-Vge — I(g:) Aue,

where K and I are real-valued functions defined on R given by:

P/
_<1+Q>) and
1+¢

K@) = (P

Remark 5 In the sequel we will sometimes rewrite the term K (q).Vq as V(G(q)) where
G is a primitive of K.

Remark 6 When p # 1 the only changes are in the viscosity and capillarity coefficients,
and in the expression of functions I and K.

Let us now give results concerning the local and non-local Korteweg systems.



1.3 The Korteweg System

We refer to the appendix for a presentation of the Besov setting in which we will con-
stantly work in this article.

Unlike the Navier-Stokes or (NSRW) systems, here the velocity, as well as the den-
sity, is regularized for every frequency (in fact, like these systems, there is a frequency
threshold in the Fourier modes, but in both low and high frequencies the density is
parabolically regularized). In the sequel we choose p = 1 and we will denote gp = pg — 1
and ¢ = p — 1 the density fluctuations.

Let us now recall some results from [15] about the strong solutions of the Korteweg
system (for more simplicity, we do not mention here any exterior forcing term):

Theorem 2 ([15]) Assume that P’( ) > 0, min(yu, 210+ A) > 0, that the initia] density

fluctuation qy belongs to B2 1 ﬂBz 1, and that the initial velocity ug is in (B221 ) . Then
there exist constants ng > 0 and C > 0 depending on &, w, v, P'(1) and d such that if:

HQO||B§1—1m -;1

¢ +luol g\ <
B3,

then system (K') has a unique global solution (p,u) such that the density fluctuation and
the velocity satisfy:

. d . d . d
B} )N L' Ry, B3 nB3Y),
241
) Ll(R-&-?BQQ,l )d'

. d
VS C<R+a 322

u e C(R+,BQ !

Moreover the norm of (q, u) in this space is estimated by the initial norm C(]|qo H

luoll L g—)-

2,1

+

Bj, ﬁBz,l

Further in this article R. Danchin and B. Desjardins provide a Fourier study of the lin-
earized system and observe different behaviours whether the quantity v? — 4k is positive,
negative of zero. In any case they obtain parabolic regularization.

1.4 Notations and main results

In this article we will often use hybrid Besov norms (see the appendix for properties):

Definition 1 For I. = [} 10g2(ﬁ) — 1] and s,t € R, we define the following hybrid
norms: )
def . .
lgll s = > 2" Agll 2+ ;22“HAZQ||L2- (1.6)
1<l. 1>l

Remark 7 We refer to (2.29) for the choice of l.. Asl. ~ —C"loge, the threshold I
between (parabolically regularized) low frequencies and (only dumped) high frequencies
of the density goes to infinity as € goes to zero.



Definition 2 The space E? is the set of functions (g, u) in
. . . . . . d
(Cb(RJrv B;EI N 35,1) n LI(RJH BS+LS N Bg+2,s)) X (Cb(R+¢ B;Tll) n LI(RJM B;jl))
endowed with the norm

def
@)l Ll gy + el g + e

+ HUHLlB;fll +llall g gstrs + llall prgsvs (1.7)

We first prove global well-posedness for system (RW;) by following similar ideas as in
[19] and uniform estimates with respect to e:

Theorem 3 Let ¢ > 0 and assume that min(u, 21 + A) > 0. There exist two positive
Ld_ ] .4
constants ngr and C only depending on d, k, u, A and P’'(1) such that if gy € B3, ! NB34,
Ld_
up € B3, and

1 .

lqoll g + lluoll g1 <nr
3271 nB B2’

d
2
2, 1

1

d
then system (RW.) has a unique global solution (p,u) with (q,u) € EZ such that:

(g, U)HE§ < C(HQoIIBﬁl_l 4 + ”uo”gg%f;l)'
Remark 8 Note that in the low frequency regime (I < l.), the parabolic regularization

for q is the same as for the Korteweg system, that is the low frequencies of q are in
.4 .dyo
B nB3

The main result in this article is the following: when the initial data are small enough

(so that we have global solutions for (K) and (RW;)) the solution of (RW) goes to the
solution of (K) when e goes to zero.

Ld_ . d
Theorem 4 Assume that min(y, 2 + A) > 0, P'(1) > 0 and that qo € By, 'n B3,

.d_q
ug € By, . There exists 0 < n < min(nk,ngr) such that if

HqOHBﬁfl

g +lluoll g <,

.25,1 2,1
then systems (K) and (RW¢) both have global solutions and ||(¢: — q,us — u)|| ¢ tends
E

to zero as € goes to zero. Moreover, with the same notations as before, there exists a
constant C = C(n, k,p, P'(1)) > 0 such that for all a €]0,1] (if d = 2) or a €]0,1] (if
d>3), and for all t € R,

05—

H(qE - q7 Ue — U)”EE%7Q = ||'U,€ - u”Ltoo ;1 a—1 + ||q5 - q||Lf°B§;a71 + Hq€ - q”Ltoo ;%71*‘1

5—

+ [lue — UHL% g + [lge — QHL%BngaH,gfa + [lge — CJHL% g-ar2g-a < Ce®, (1.8)



Remark 9 The same results hold for any other function ¢ € S (R?) such that V¢ € R?,
¢(&) = g(|&[?) with:

e Function g : Ry — R takes its values in [0, 1], with g(0) = 1,

e Function h : x > 1_%(%) is decreasing with limgh = 1 and lims, h = 0,
e Function k : x — 1 — g(x) is increasing with limgk = 0 and lim. k =1,
e For all 1 < 8 <2, there exists Cg > 0 such that for all x > 0,

g(z)—1+=x

0<
= xﬁ

< Cg.

Remark 10 Another question is to get similar result for large data (bounded away from
vacuum). Here the existence and estimates are local in time and the distinction between
low and high frequencies is not needed.

The structure of this article is the following: in the second section we will obtain a
priori estimates on the linear system with convection terms. The third section is devoted
to the existence and uniqueness of solutions for the non-local model, and in the last
section we will obtain the convergence result of theorem 4. In the appendix, one will find
the proofs of some estimates involving the special hybrid Besov norms introduced in this

paper.

2 A priori estimates

In this section we focus on the following linear system (¢ > 0 is fixed and for more
simplicity we write (¢, u) instead of (g, uc)):

Oyq +v.Vg+divu = F,
(LR.)

k
oru+v.Vu — Au+pVg — ?V(% xq—q)=G.
With
Au = pAu+ (A + p)Vdivu.

This section is devoted to the proof of the following a priori estimates (we refer to
definition 4 in the appendix for L B3 1-spaces):

.d . d
Proposition 1 Lete >0,s € R, I = [0,T[ or [0, +oo] andv € L* (I,Bifl)ﬁLQ(I, B3 ).
Assume that (q,u) is a solution of System (LR.) defined on I. There exists a constant
C > 0 depending on d, s, u, v, p, k, cg and Cy such that for allt € I,

lull g gyt + Nl zge g + Nl ey |+ lullzypgyn + lallza e + llallzy pevas

C [ (IVu(n)]l
< (Ce

g HIO@I? 4 dr
, ,
2 (Jluoll g+ llaoll g + llaol

FIFNzy st + 1F g+ G 7y 55-1) - (29)

10



The proof of the proposition will be close to those in [12], [3], [13] or [19]: lead by the
behaviour of the linearized system and using symmetrizers we get estimates on dyadic
blocks and obtain the expected estimates. The difference here is that we need to carefully
estimate penalized terms and we obtain, for the density, a frequency threshold depending
on €.

We will localize in frenquency (there is no need here to separate the compressible and
incompressible parts): using the Littlewood-Paley decomposition, for all [ € Z we define
a = Ayg and u; = Aju. We obtain the following system:

orq +v.Vq +divu; = F; + Ry,
(LLR.) k ,
Opw + v.Vuy — Aup +pVa = 5 V(e xa — q) = Gi + Ry,
where R; = [v.V, Al]q and R} = [v.V, Al]u.
If a > 0 is fixed and small enough (for example we can choose o = min(u, A+ 2u)/4),
we will introduce in the following:

k
h =iz +pllalliz + o (WIValiz + 2(wVa) 2) + = (ala — ¢ * a) 2

2
2.1 Preliminary result

In order to prove the estimate we will show as a first step the following lemma:

Lemma 1 Under the previous notations, if o > 0 is small enough (for example a =
min(p, A+ 2u)/4) there exist some m > 0 and C > 0 such that for all | € Z:

1d 1
5%}”2 +m (2% w7 + Vall7 + ?(VQI’VQZ — ¢ xVar)r2)
< O(|Vvllzee + [[v]|70e )i + C((L+ 25 (| Fill 2 + || Ril z2)

+ Gill 2 + |1 Ryl 12) -

(2.10)

Proof: If we compute the innerproduct in L? of the first equation from system (LLR.)
by ¢;, and the innerproduct of the second equation by u; we obtain that for all [ € Z:

a3 + (@ivela) 2 = ~(o-Vala)z: + (F+ Rila) . (211)
and
1d 9 k
3 g lullze = (Awlu)z + p(Valw)re — (0 * Va = Valu) 2
= —(u.Vulu) 2 + (G + Rj|w) 2. (2.12)
Using an integration by parts allows us to write that (divu|q)rz = —(Vq|uy)r2 and

then to combine the previous estimates in order to eliminate these terms. We need to get
rid of terms like this because they cannot be absorbed by the left-hand side and after the
use of a Gronwall type estimate they introduce multiplicative constant terms e“* (which

11



are problematic as we look for global time estimates). It is less easy to get rid of the
k

term — (¢ * Vg — V)2 and we will explain later how to do it.
€

Integrations by parts also provide that there exists a constant C' > 0 such that:
((v.Vala) 2| < ClIVoll a7,
|(0.Vug|ug) 2| < Cl[V0l| Lol 72,
as well as the fact that
—(Aulu) 2 = pl|Val|72 + (A + p)|div g 7
which leads to
—(Awlw)) 2 > v||Vuy||?, where v =A+2u and v =min(u,v).

(if A+ p > 0 it is immediate, else we use that [|div||?, < [|[Viyl|?.) Combining these
estimates we obtain that:
5@(”%”9 +pllallzz) + vl Vulz — g(éf)e * Va — Va|w)pe
< O Vol e (lulze + pllail?2) + oI Eill 2 + |1 Rall2) |l 22

+ (IGill 2 + |1 Ril 2) [l 2. (2-13)
As we want to obtain L} —regularization on the density, we need at least a term such as
||ql||%2 to appear in the left-hand side. If we compute the inner product of the equation
on u; by Vq; we get:

k

(O |Var) 2 + (0.Vw|Va) e — (Aw|Va) e +pl|Valie + = (Va — ¢ * Vg |Va) 2
2
= (Gi+ RIVaq)2. (2.14)

In order to get a full derivative, we need to estimate the term (u;|0;V¢q;) so we will
write the equation on V¢; and its innerproduct on wu;:

Vg +V(u.Vq)+ Vdivy = VEF + VR;. (2.15)
Before adding (2.14) to
(8thl]ul)L2 + (V(’U.Vql)\ul)Lz + (VdiV ul\ul)Lz = (VF[ + VR[‘U[)Lz, (2.16)

we remark that a simple computation shows there exists a constant C' > 0 such that:
[(v.Vu|Va) 2 + (V(0.Va)|u) 2| < Cl Vol re|[Val 2w 22
Moreover, integrations by part also provide the fact that
(Aw|Va) 2 = v(w|VAg) L.

Gathering these estimates, we obtain that:

d ) k
%(UZ,VQZ)LQ — v(w|VAg) 2 — ||divu |32 + pl| Va7 + ?(VQI — ¢ * Vq|Vaq) 2
< O Vol el Vall g2 llwllze + (1Gill 2 + 1R z2) IV @il 2 + 2 (1 Frll g2 + | Rall z2) | ze-

(2.17)

12



k
Remark 11 Note that (Vql ¢e * Vq|Vq) 12 is nonnegative.

In the previous equation, the term (u;|VAgq;)2 is dangerous because it introduces much
more derivatives that we will be able to handle in the following, so we need to neutralize
it. A simple way to do that is to compute the innerproduct of the equation of Vq; by
Vq;. Using that:
(Vdivw|Va) 2 = (w|VAg) 2,
and that
(V(0.Va)|Va) 2] < C[|Vol| = Va7,

we get the following estimate:

1d

2dt||VQZ||L2+(Ul|VAQZ)L2 < C| Vol Varl7z+2' (I Fill 2 + | Rl 22) | Vel 2. (2:18)

so that, adding v (2.18) to (2.17) will neutralize the previous troublesome term.

Remark 12 Due to —||div w3, appearing in (2.17) we have to be careful and look at
(2.13)+a (v (2.18)+(2.17)) with a > 0 small enough (o < v) so that —a||divy/|3, can
be absorbed by v||Vu||7..

As announced we have to get rid of (ng * Vq — Vq|uy)r2 which is introduced by

estimate (2.13). A rough estimate will eventually provide some term in =2 which will
ruin any asymptotic approach as € goes to zero. The easiest way to take care of it is to

k

consider the equation satisfied by the nonnegative term — (qi[qi — ¢= * ) 2. Computing
€

the innerproduct of the equation on gq; by q; — @< * q; gives:

1d
5 dt(qz!qz b *q)r2 — (w|Va — ¢ x V) 12

—(w.NVaglg — e *q)p2 + (F1 + Rilg — ¢ * q) 2. (2.19)

We need to be careful when estimating the right-hand side as this estimate will be
multiplied by k/e? and added to the others. Using Plancherel (up to a multiplicative
constant) we introduce the following notation:

~ - d f
(atlar = 6= * a0)p= = /R NP = e de ST = be x ail7o.

When estimating the right-hand side, we are forced to let the block q; — ¢. * q; in one
part, as our only possibility is to absorb some terms using remark 11. As the following
function:
f: Ri—=R
1—e™® (2.20)

T s
T

is decreasing from 1 to 0, and as up to loosing some derivatives we want to get uniform
estimates in e, we can write that for all £ € R%:

1— e lF < 22)g2.

13



So, using Plancherel,

(v.Valg — ¢ % q) 2] = C| /R v.Vg N1 — e /1 — e—=2lEP G (€)de|
<c / o allele] VI — KR G©)de. (2.21)
Rd

Thanks to the fact that we are localized in frequency, and using the Cauchy-Schwarz
estimate, we obtain that

|(v.Vailg — ¢ * @) 2] < Ce2 0.V q |2 l|V/1 — ¢ * a3
< Ce2!|v|| || Varll g2V (@@ — b= * @) g2-  (2.22)

Remark 13 Using commutators would lead to get ||Vv|| e instead of |v|| e, but wouldn’t
improve the use of the estimates in the main result of the paper.

Using the same arguments allows us to write:

(FL+ Rilai = 6o+ a)p2] = C / A R/T— e P8P /1= o kP G ()de]
Rd
< Ce2(|Fill 2 + |Rill2)Vi@la — o s a)e. (2.23)

Plugging (2.22) and (2.23) into (2.19), we obtain that:

(Va|Va — ¢ « V) 2
62

d
5@(%’(Jl—éf?a*Ql)L?—(UZ\VQI—%*VQI)L? < Ce?||v| e \VQlHH\/

(@lg — e *q1) 2
g2 '

+ C22' (|| Fill 2 + ||RZHL2)\/ (2.24)
Now, when we compute (2.13)4a (v (2.18)+(2.17))+5%(2.24), we will be able to neutral-
ize or absorb any dangerous term. For that we will introduce as previously announced:

k
B = w2 +pllalliz + o (VIValie + 2w Va) r2) + = (ala — ¢ * @) 2.

e2

Using the Cauchy-Schwarz estimate, we can write that

v 1
[(w|Va)|re < llwllp2-[[Val 22 < ZHV@HH%Q + ;IIUzHiza
SO

2 av k
(1- 7)||Ul”i2 +pllalFe + THVQlH%z + ;2((11|Ql — ¢ xq) 2 < hi
3av k

5 IValis + S (ala — éex a2 (225)

20
<(1+ 7)””1“%2 +pllalli: + )

The last term is nonnegative and lesser than |V ||z2. If we want h? to be equivalent

to [lw|32 + laill32 + [[Vall72 we need that o < v/2. Remember that we already have a
condition on a: for —a||div |2, to be absorbed by the left-hand side, we need a < v.

14



So we need a < min(u, §) and for example we will fix here once and for all @ = 5. After
computing (2.13)+a (v (2.18)+(2.17))—|—E%(2.24) we get:

1d ak
s+ @ = a)lVullLe + oplVallz: + 5 (Va = ¢+ Va Va1

< C||Vollz<hi +C ((1 +2)(|Fl g2 + 1Rill 22) + |Gl 2 + IIRZIILz) hy

Qlar — ¢ * qu) 2
+ ORIl + [Ril oy 18 G >0

(Va|Va — ¢ « Vi) 2
g2 '

+ Ck|!v||L°°|quHL2\/ (2.26)

Thanks to the definition of h;, we have:

— *
212 + IRl o)y =0 DL < Rl + Rl

and using the classical estimate ab < (a? + b?)/2, we obtain for the last term:

(Va|Va — ¢ * V)2
2

ak ch
< @(VCMVCH — ¢ x V)2 + ZH’UH%W IVal2.. (2.27)

Ol IVl

So, if we denote by m = min(v — «, ap, %k) > 0 we have proved there exists a constant
C > 0 such that for all [ € Z,

1d 1
§£h12 +m <’Vuz||%2 + |Val3z + ;Q(VQZ — e * VQZ!VQZ)L2>
< C(||Vv| e + |[v]|7e)hi + C ((1 +29(|1F 2 + |1 Rl z2) + |Gill e + HR;”B) hy,

(2.28)

which ends the proof of lemma 1. B

2.2 Proof of the proposition

According to the previous estimate, we observe that each term of h; except V¢ is parabol-
ically regularized. The key point is that thanks to 6%(ql|ql — ¢e x q) 12 (that appears in
h;) we will be able to get regularization on V¢; for some low frequencies. This leads to
the hybrid Besov spaces defined in the introduction (and the threshold between the two
regimes is at —loge).

-The low frequency case: More precisely, the frequency threshold is simply given
by the study of the decreasing function f introduced in (2.20). As f(z) goes to 1 when
z goes to zero, there exists some v > 0 such that for all 0 < z < ~, f(z) > % If we
denote by 0 < ¢g < Cy the radii of the annulus C used in the dyadic decomposition, let the
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threshold [. be the greatest integer such that e222%=Cy < v (that is I = [3 logy (glz) — 1))
Then for all frequency [ < I, and all ¢ € 2!C, we have:

£2(¢)2
(ele)? < 2C22% <~y and 1—e kP > |§’ (2.29)
and then for all [ <,
R 5 222l 9
(Var=6ex ValVa)ss = C [ (1= e ) Fa(e) e > €3 |Vl
So plugging this into the estimate given by lemma 1 gives:
1d 5 221 2 21 5
§£h +m (HVUZ||L2 + [Vl + 9% 5@ — gexala)re + 0 ||VQZ||L2>
< C(|Vollze + [[v]|7)hi + C ((1 +2(1F 2 + | Rill z2) + 1G22 + HREHm) hi,
(2.30)
and we have obtained that for all [ < .:
d
—h 722%
P 1+ l

< OVl + ol + C (U + 2Vl g2 + I Rillz2) + 1 Gallz + 1Bz ), (2:31)
that is for all [ <. and all ¢:

hy(t) + m2% /t hy(T)dr

0
t
< hu(0)+C /0 (0l e+l i (U + 2V 22 + I Rillz2) + Gl 2 + | Rill 2 ) dr.
(2.32)

Remark 14 Notice that as . ~ logQ(W\/ja), and goes to infinity when € goes to zero.
The parabolic regularization eventually reaches every frequency.

-The high frequency case: Remember that [. is characterized by:

EQlECO < \ﬁa
€2l5+100 >\

)

So, for all I > I. + 1 and all ¢ € 2!C, we have
co

2|£|2 > 6222l02 > 222(l5+1)00( )2 > ( ) (233)
Co Co
Let us go back to the estimate given by lemma 1. We can rewrite it into:
ld 21 2 2 2%
=—hi +m2% (w72 + llall72) + @(Cﬂlqz Pe* @)z + 55 (qu\qu b * Var) 2

2 dt
< C(IVvllzee + lvl|7e)hi + C ((1 +29(1Fill 2 + ||Rl||L2) +1Gill 2 + HRZIILz) hy.
(2.34)
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Using Plancherel, (2.33) together with the fact that function z +— 1 — e~ is increasing,
we get that:

— _~(L£0)2
(ValVa 6.+ Va)ys = C [ (1= ) Fa(e)fd > (1 - e &) Val

As 22 > 02 ; (and greater than 1 if ¢ is small enough) if we denote by m' = m. min(z, 1—-
0
_~(£01\2
¢ 1) ) > 0, our estimate becomes: for all I > 1. + 1,
d m’
ahl + gh[

< OVl + ol + € (1 + 2Rl g2 + 1 Rilli2) + [Gulge + |RElL2) . (2:35)
that is for all [ > [ + 1 and all ¢:

m/ t

hi(t) + — | h(r)dr
e Jo

t
< hi(0)+C /0 (0l e+ lolFe )t (1 + 2Y U 22 + [ Rillz2) + |Gl 2 + 1 Bill g2 ) dr.
(2.36)

We need to find a way to get parabolic regularization for w;. Classically (we refer for
example to [12], [3] or [19]) we will use the new information given by the previous estimate
in the energy estimate for u;:

1d
2dt

k
< ClVollpe w2 +(IGull 2+ Bill o)l 242l Varl 2l 224 5 IV a—dexVall 2 e 2,
(2.37)

|7 + 2% w3

and then, simplifying and integrating in time:
t

[l ()] 22 +I/22l/ [wr(7) || p2d7 < [[ur(0)]] 2
0

t k
+0 [ (19l lulzn + (Gl + IRl + 0+ ) alze ) dr. (238)
Thanks to (2.25), estimate (2.36) implies

m
/Hqu HLQdT<c/ hu(r

so that we can estimate the last term of the left-hand side of the previous estimate and
then there exists a constant such that for all { > [, + 1 and all ¢:

t It
t) + V22l/ lwy (7)) p2dT + 7;/ hi(T)dr
0 0

t
< hi(0)+C /0 (0l e+l Fe ) (1 + 2Y U 22 + [ Rillz2) + |Gl 2 + | Billz2 ) dr.
(2.39)
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Remember that thanks to (2.25):
e~ w2 + llallze + IV allze-

Let us collect what we have obtained for the low and high frequencies: if we use the
Gronwall lemma to (2.32) and (2.39) we obtain that for all ¢, for all [ < .:

t
laa(®) 122 + (@)l 22 + IV ai(®)ll 2 +m2* /0 ()2 + lau(T) 22 + IV (0]l 2) dr
t
< ORIt (o (0)]] 2 + 11 (0) 2 + [ V0) 2
t
+C /O (1 + 2Rz + I Rillz2) + [Gallz + 1Bl z2)dr ), (2.40)

and for [ > 1. + 1:

@+l Ol 1Ta ot | (221l + % (@l + 1Val) )

t
< CRUTO o (Jag(0)] 2 + an(O)] = + |V 0) ]2
t
+C (4 DUz + |Ril2) + [Gil + | Rlz)dr) . (24

If we use the definition of the hybrid norm introduced in the first section of this paper,
after multiplying these estimates by 2°~! and a summation over [ € Z, we obtain that
there exists a constant C' > 0 such that:

ull Zoe gy + lallzpe g + el e g | + iz gsr + Nallzy g + llalizy pevas

t v\T [e'e] v\T 200 T
< CeC BTt (g (0)] e+ Jan(O) g0 + [T (0) ],

t
P g Py, +1Gl g+ | (@42 Ril o2 i) ).
lEZ
(2.42)

Recall that R; = [v.V, Aj]g and R) = [v.V, Aj]u. We refer for example to [3] (lemma
2.96 and estimate 10.10) for the following well-known results:

oy . . diq .
Proposition 2 There exists a constant C' > 0 such that for all v € BQQIF and g € B3 4,

if = [v.V, Al]g there exists a nonnegative sequence c € I*(Z), with Z ¢ =1, such that

l€Z
for alll € Z:

—1
Iz < G2Vl iy lgl -

Then there exist three nonnegative sequences c, ¢, and ¢’ € I}(Z) (with ch( ) = 1)
IEZ
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such that for all [ € Z:
IRilzz < Ce2 |Vl Nl
IRl < Ce2 Vol g llal

" o—l(s—1
IR]l| > < Cey 271 )HWHBQgJW”BszL
This allows to write:

t
/0 (D @V 4 29) [ Ryl 2 + 27V Rl 2) dr
leZ

t
<0 [ U900 g Ul + g, + gy (243)
Plugging this into estimate (2.42), and using once more the Gronwall lemma finally gives:

HUHzgoB;;l + ||Q||ztoo3531 + ||Q\|ztoo;35’1 + ||U|\E%B;’+11 +llalizygerrs + llallzs poves

C [ UIVo(r) | oo +[v(7) 12 00 + V(7] 4 )dr
< Ce B3y ( wnll me
< Juoll g

ol sy + 19600 gt + 1F s + 1F sy + 1G s )- (249)
. d
which, thanks to the injection 322,1 — L°°, ends the proof of the proposition. B

3 Proof of theorem 3

3.1 Existence

The proof of the global well-posedness of system (RW.) is classical and follows the lines
of the proof for the compressible Navier-Stokes system (Friedrichs approximation and
uniform estimates, we refer to [15], [12], [3] (section 10.2.3) or [19]). The only difference
here is that we use, when proving the existence, the estimate given by Proposition 1, which
ensures uniform estimates with respect to € (and takes care of the additional penalized
capillary term). We obtain the existence part of theorem 3 under the assumption of small
initial data.

3.2 Uniqueness

Once again, as ¢ is fixed (the negative powers of € won’t cause any trouble), the compu-
tations are the same as for the compressible Navier-Stokes system. As in [3] or [19], we
successively use the transport estimate for the density fluctuation ([3] theorem 3.14) and
the transport-diffusion estimate (2.9) for the velocity ([3] Proposition 10.3). We need to
separate the cases d > 3 and d = 2 (the case d = 2 is more difficult because of endpoints
for the remainder estimates in the Littlewood-Paley paradecomposition) and we obtain
the following result:
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Theorem 5 Let d > 2 and (g;,u;) (i € {1,2}) two solutions of (RW.) with the same
d
initial data on the same interval [0,7*[ and both belonging to EZ(T*). There exists

m > 0 such that if, for i € {1,2}

lall -
LOO

g1
7+ (B3,

_ .%
1 nBz,l)

then (q1,u1) = (g2, u2) on [0,T*[.

4 Proof of Theorem 4

In this section we will show that the solution of (RW;) goes to the solution of (K) and
give estimates of the speed of convergence as & goes to zero. For that we will once more
use Proposition 1.

As said in the introduction, if the initial data satisfy

lgoll +luoll g <0 < min(nx, ng),

1 2,1

1 N

4-1 4
51 NBg,

then systems (K') and (RW;) both have global solutions (g, u.) and (¢, u), and with the
same notations as before, there exists a constant C' = C(n, k) > 0 such that for all t € R
we have,

Uell. .d_; + . .d_,+ _ .4 T |u .
el pon el el g el g

+ HqsllL%Bagﬂ,g + ”%”ngﬁ“*% < 2Cn, (4.45)

and

27 2
t P21 t P21

lall. g+ llall. g+ ldll. g +lull
IxB IxB Ly L

d d
55 S G+l
B2 152

2,1 t P21

+ HqHLlBﬁjl + ”qHLlBQ%jQ < 2077- (4'46)

t t

Up to an additional forcing term, let us rewrite system (K) with a capillary term as in
system (RW,) (section 1.2.2):

g +uNVqg+ (1+q)divu =0,
K
(K) o + u.Vu — Au+ P'(1).Vq — gV(ng xq—q)=K(q).Vqg—I(q)Au + R.,

where the rest R, = —5V(¢- *q—q—e2Aq) and we recall that K and I are the following
real-valued functions defined on Ry (whose value is 0 when g = 0):

B P/(1+q)> and

14 () = — -

K@) = (P

In order to estimate the new term R. we use the following lemma (which can be proved
by a simple function study):
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Lemma 2 For all § €]1,2[ there exists a constant Cg > 0 such that for all x > 0 we

have:

et —-14+2x
OSTﬁcﬁ

so that we immediately obtain:

Corollary 1 For all s € R and 8 €]1,2], ifq € B;jlﬂﬂ then R, € 35,1 and there exists
a constant Cg > 0 such that we have

IBell g, < KCo® 7 Vlall esaan.

Remark 15 In the following we will use this estimate for § €]1,2[ and s such that
s+2B € [4,4 +1]. More precisely, we will take s = % — a— 1 (with « €]0,1]), and the
previous condition turns into 20 € [1 + «,2 + .

Let us now write the system satisfied by the difference (dq,du) = (ge — ¢, ue — u):

016q 4+ ue. Vg + div du = §F,
4.47
Oou + ue.Vou — Adu + P'(1).Vioq — E%V(qbs *x0q —dq) = 0G — R, ( )
where
0G1 = —du.Vu
0F; = —6u.V 0Gy = (K - K .V
SF def 2?21 i . 1 U 'q 2 = (K(qe) (9)) -Vge
def —s with ¢ 0F; = —dq.divu. and ¢ 0G3 = K(q).Vigq
0G = 2in1 0Gi 5Py = —q.divu 5G4 = (I(q.) — I(q)) Au.
0G5 = —1(q)Adu.

We will estimate (dq,du) in less regular spaces. Let us show that for o < min(1,d — 1)
(o will be precised later):

d d
a+l,5— —a+2,5—«a

~ d_hn 9 ~ .d_, .d_ o . d
sqe LB nIEB2, "N LB NLLB2

~ .4 _hq . d_h41
sue LBz “ T nLiBg "

Like previously, from estimates (4.46) and (4.45) we obtain (using Proposition 7 with
s = g for ¢, and interpolation for ¢) that g. and ¢ are uniformly bounded (with respect

~, . d
to t and €) in L%Bil and that for all p € [1,00], ue and u are uniformly bounded in
~ 242 4
LiB3, "
1. Classically we use 1. = —u..Vq. — divu. — g.div u,., and estimate the right-hand
side:

2 d

: : =2 4ol
e Taking p = % we get divue: € L; B3, “
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~ 2 .d_
o Aswu. € L; " B3, “ from (5.60) we get that

g-o-1 S Cllell g Hdlvusll

2 1 2,1

s3-am1 SOl g HUsH

21 21

lgedivue] g

ueVeell . 4

2

2 .d g
So that 0;g. is bounded (uniformly with respect to e and t) in L; ™" By, “7 and
then

o -1 -d_n—1

g €C,? B;la and ¢: — g=(0) = ge — qo € L{" B3,
uniformly in € but not in ¢. As the same is true for ¢, we get for all ¢ > 0

a—1 1

Ld_ Ld_ o
0qg € C4B3, N L B3,
. d Ld_g . d
By interpolation, as d¢g € L{®Bg,, we also have 6 € C;B3; NLB3, forallt >0

.d . d
and dq € L; B2 N LiBZ2 at this stage we cannot get uniform
bounds in ¢ nor ¢, and this is not a problem for fixed ¢t and ¢).

—a+L%—a —a+l%—a (

d

Remark 16 As we had to estimate |[uc| . 4_,, this requires $ —a € [ — 1,4 + 1]
B

2,1

that is a € [—1,1].
. Similarly we use

<5
Oue = —us.Vue + Aue — Pl(ﬁ)~v% + ?é)v(¢e * Qe — QE) + K(Q&)-v% - I(Qa)AUm

d_o-1

2 .
e Taking p = 32 we get Au. € L;° B3,

Remark 17 As we estimate | Auc| 4 . ., this requires ¢ —a+1€ [¢ —1,% +1]
32,1

that is « € [0, 2].

~ .4 1 ~ .d_9 ~ .d_n
e As Vg € L°B3, NLB3, we have Vq. € L{®B3,
e Thanks to (5.60) we prove that

HUE-VUEIL% da S CHUEH -4 HVUSH~— cda-1

t 2,1 t 21 2,1

III(qa)AUaIIZﬁBﬁfa_l < CanaIIZQBg H«‘luallzﬁ g

HE(9e) Vel g—ar < ClE () gVl

21 21

d
B2
21

‘We obtain

27 2
2,1 t P21 t 2,1

() Vel g—amr < CIE(@ L g-allVEll g
LB L B2 =B
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Remark 18 As we used Proposition 4 we need % —a>0.

) . e ad g ~2.d .
So dyue is bounded in the space L7 B3, Ty LEe B3, “"" (uniformly in ¢ but not
in €) and then

a—1

a .d_,_q .d_
us € C? By, and us — ue(0) = us: —ug € Li° By,

~ dg
With the same argument we used for dg, we obtain that du € LtooBila "N
Ld_
LtlB22 ) a+1
We can now use Proposition 1 with s = %l —a (if @« < min(1,d — 1), the following

computations are true for the cases d =2 and d > 3), we obtain:

o + o + ||9q|| - +loull_, 4
60l gos +0al_ g 60l g 00, g

L B3, L B3, L B3, LiBs,
C Lo (IVus(D)] g Hllue@I? 4 )ar

B 2
+ qu”leE%iDH»l’%ia + ”6q“ZIB§70‘+2a%*D¢ S Ce 2,1 32‘1

< (I0F1, gmacs +I0FI, g o +IGH g s + IR, g o) (448)
tBZI tB21 B2,1 ' © L%B22,1 '

Thanks to (5.60) we estimate the external force terms:

. H5F1||B§’;a71 = ll0u-Vall g_os < Cllall  gir-loull g_oms;

2,1 2,1 2,1

61 4 <C <||quggﬂ.||auuBga + \\q||351.||5u|1351a+1),

[}
2,1 2,1 2,1

o 167l g s = I6qdiveecl gy < Cloal g0 lucl g
B3y 2,1 2,1 2,

o |[0F < |6 U

1572 -0 < Cl0al gl

o 167l gy = lladivSull gy < Clal g 11600 g
21 21

o 1955l 5o < Clal g 150l g
32,1 2 21

Recall that from Corollary 1 (see also Remark 15),

IRl ¢y < KC3e2 Vgl

——a 1= %+
2 1 2 1
And concerning the other forcing terms in the equation on du:

. H5G1H Sl LAY

g—am1 S COl0u] g ollull g0,
21 21 21

—O(
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o [10Gall g—or = I1(ge) — I(q) Auell g0y < ClI(ge) =TI gollell g1

2 1 2 1 2,1 2,1

and using Proposition 4, we can estimate the first term:

11@)~1@)] 4.

2,1 2 1

el lal=) (17O +llal g +lal g ) la=all g .
Bz,1 B2,1

so there exists C,, (bounded with respect to 1) so that

I5Gall g-os < Callial gl g
21 B3, B3,
o [0Gsll g—ams = (@) Adu]| g_., < CIL(QI g llOull 4o
321 21 B3, 2,1
and similarly, as I(0) = 0, || I(¢)]| .« < Co(||gllz)ll¢l| .a so that
322,1 322,1
16651 4o ol g 19014
21 21

The last two terms require more attention: as we want to get global in time estimates, we
cannot afford to loose any power of ¢ so we need to use any available L}-type estimates
of ¢ and q..

e If o« < d—1 then we can use Proposition 8 with s = % —aand t = g —1 (and here
s+t>0):
16G2| gy = Il (B (ge) = K(9)) -Veell g
B3, B3,

2
2,1

<c (qus) ~ K@ goms + K@) - K@) g ) V:] g gor (449)

Moreover as a €]0,d — 1], we have % — a,g —a—1¢] - %,%], and we can use
Proposition 4 with K'(0) = P'(1) # 0,
1 (ge) = Kl ,g—as + 1K (2e) = K (Il g0 < Cn [ lI0a]] gy + H5(JH
B3 B3, B3,
and we obtain:
H5G2HB§;W (H&JH g +19gll gla> gl yg14-

e Similarly, Proposition 8 with s = %l and t = % —a—1(s+1t>0) implies:

||5G3|| g-o1 = [K(2)-Véqll g_.
2

¢ (nK(q)ntl * IIK(q)!|B§1> Vgl g ogase (450

2,1
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One more time, as K(0) = 0, Proposition 4 allows to write:

4o < <|(I|| g1+ llall g)”@” 4 et g a
B3, B3y B3y B¢

Remark 19 As we used Proposition 4 with s = % — 1, the previous estimate is valid
only when d > 3.

19Gs]l g

il =4 . . .
In the case d = 2, as ¢ € L*B3, N L%Bij— , thanks to interpolation, we obtain that
~, . 4
qc Lfo’l

o oo/ ag—a—1
Similarly, but instead of using interpolation we use Proposition 7, as §q € Ltoo(Bi1 “n

Ld_ o d g dl . d
B3, “YNIiB2 atha “, we obtain dq € L%Bil . So

10G3]l g oy < CllK(q )H 4 HV&JH

770471
2 1

As K9]l ¢ < Cllalliz=)llgll L4 < Chllgll .4 <Cllal,

g g g g
B3 B, B3, B3,

pmat’
2

, we obtain

N|=

1
19Gsl g o <C||Q”; _lllqlm+1 <||5QH g—a t 100l 4o 1> ||5QHE%_Q+L%_Q

21 2,1 21 21 21
2 1
< -5 lall, sd 1||5Q|| g a+§||Q||B§j1 ||5QHB§ +||5Q|| 4o |- (451)

Remark 20 As we used Proposition 4 we need the sum of indices s and t to be positive
soa<d—1.

If we define
hO) L Noull gy 100 g el g Sl
L3 B21 L 3221 Li*B3, 321
100l g oinge + 100l g in g (452)

then collecting the previous estimates on the external terms in (4.48), there exists C, > 0
(bounded when 7 € [0, 1]) such that we have for all t > 0 (and in any case d = 2 or d > 3),

t

2,2

(t) < Cye2mHic /0 Al g+l g+ el g0
2 1

I 10 g g+ RO
21

+(lal__ 4 +Hquimgzg)-(raq||zlggaﬂ,ga+||6uuz13g+1a)). (1.5

d_
t P21 t 1 tPe tP21
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Thanks to (4.45) and (4.46), this estimate turns into:
t
mn<c| [ ) (g0 g0 el g+ g0+ Nl g1 )

+ mcﬁsQ(ﬁ‘”lquz ot 4nh(t)>. (4.54)

153
tB2,1

The term |lq|l_ . 4,55, can be estimated by interpolation (thanks again to (4.46)) if
L;Bs,

1 <28 —a <2 and in this case it is less than 2C.7. Let us collect all the conditions on
« (see remarks 16 to 20) and S:

a€]0,1], a< %, a<d-—1,

BeL2, +%$<B<1+4.
This obviously implies that d > 2, and if « is fixed in ]0,1[ (when d = 2) or in |0, 1]
(when d > 3), and if we choose 8 = 1+ § all the conditions are satisfied. Moreover if

n > 0 is such that 47n.C, < % then the last term in 4.54 can be absorbed by the left-hand
side, and tanks to the Gronwall lemma, for all ¢t > 0, we have

) (
+ +||u. +||u + )dT
Jo Ulall 4 qulg%+2 Il eIIBgJr1 I ||BgJr1 ”%“BE%“%

h(t) < Cn,a,.;gae By 3.1 3.1 3.1 (4.55)

And finally, thanks to (4.46) and (4.45), we obtain that for all ¢ € R,

oull. a0y +ldall. . a oy +I0gll. a4+ [6u].
L>B2 L*B2 L>B2 L

t P21 t P21 t P21

I, g g+ 19

. d—a+1
B3
4o < Cpare®. (4.56)
5 €

which ends the proof of the theorem. W

Remark 21 If we had not estimated this way the terms G2 and §G3, we would have to

write that 6Ga + 0G3 = V(L(g:) — L(q)) and then due to the regularity of 6q, we could

only obtain that [|0Gy + 0Ga|| Aot S tCpl|dq|l . a_., which prevents any global in
LB Lge

2
2,1

—
. . tP21
time estimate.

Remark 22 Estimate (4.56) is stronger than the estimate stated in the theorem.
Remark 23 The case a = 0 is interesting. Indeed, estimate (4.55) turns into:

t
Jo (el g oot g otliucll g otlull g +lael g, g)dr
W) < CopllRell | g e B3 B0 T mT
Ll
t

.%,
32,1

tP21

2

4 _e202927 .
We easily check that HR&HLIB%71 < K ez 97 €O —Lie? €222 1Ajqll g2 As g €

d
.dyo A .
L} B3, we can prove, thanks to the Lebesgue dominated convergence theorem for series,

that || Re| .41 8oes to zero as € goes to zero. And then h(t) also goes to zero, but the
L;Bs,
estimate does not provide any information on the speed of convergence.
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5 Appendix

The first part is devoted to a quick presentation of the Littlewood-Paley theory, and the
second to specific properties for hybrid Besov norms used in this paper.

5.1 Besov spaces
5.1.1 Littlewood-Paley theory

As usual, the Fourier transform of w with respect to the space variable will be denoted
by F(u) or w. In this section we will state classical definitions and properties concerning
the homogeneous dyadic decomposition with respect to the Fourier variable. We will
recall some classical results and we refer to [3] (Chapter 2) for proofs (and more general
properties).

To build the Littlewood-Paley decomposition, we need to fix a smooth radial function
X supported in (for example) the ball B(0, %), equal to 1 in a neighborhood of B(0, %) and
such that r — x/(r.e,) is nonincreasing over Ry. So that if we define (&) = x(£/2)—x(&),
then ¢ is compactly supported in the annulus {¢ € R?, % <l < %} and we have that,

VEeRIN\{0}, > e =1 (5.57)

leZ

Then we can define the dyadic blocks (A))iez by A; := ¢(27'D) (that is Aju = p(274€)u(€))
so that, formally, we have

u="> Awu (5.58)
l

As (5.57) is satisfied for £ # 0, the previous formal equality holds true for tempered
distributions modulo polynomials. A way to avoid working modulo polynomials is to
consider the set S; of tempered distributions u such that

lim ||Syul|p~ =0,
l——00

where S stands for the low frequency cut-off defined by S; := x(27'D). If u € S}, (5.58)

is true and we can write that Sju = Z Aqu. We can now define the homogeneous
k<l—1
Besov spaces used in this article:

Definition 3 For s e R and 1 < p,r < oo, we set
1
lull e = ( Zz”snmuuzp) Jr<oo and |ullg = sup2|Anl.
D, ; p,00 !

We then define the space B;T as the subset of distributions u € S} such that ||ul| g, s
’ D,
finite.

Once more, we refer to [3] (chapter 2) for properties of the inhomogeneous and homoge-
neous Besov spaces. Among these properties, let us mention:

27



e for any p € [1, 00] we have the following chain of continuous embeddings:

By, — LP — BY

p,000

d

e if p < oo then B, is an algebra continuously embedded in the set of continuous
functions decaying to 0 at infinity;

e for any smooth homogeneous of degree m function F’ on R4\ {0} the operator F'(D)
maps By, in By ™. This implies that the gradient operator maps B, , in B;;l.

We refer to [3] (lemma 2.1) for the Bernstein lemma (describing how derivatives act on
spectrally localized functions), that entails the following embedding result:
Proposition 3 Forall s e R, 1 <p; <py < oo and 1 <r; <1y <00, the space B;Ml
1 1

T 5g)

.S —_—
is continuously embedded in the space Bp,r,"" 2.

In this paper, we shall mainly work with functions or distributions depending on
both the time variable ¢ and the space variable . We shall denote by C(I; X) the set of
continuous functions on I with values in X. For p € [1, c0], the notation LP(I; X) stands
for the set of measurable functions on I with values in X such that ¢ — || f(¢)||x belongs
to LP(I).

In the case where I = [0, 7], the space LP([0,T]; X) (resp. C([0,T]; X)) will also be
denoted by L% X (resp. CrX). Finally, if I = R" we shall alternately use the notation
LPX.

The Littlewood-Paley decomposition enables us to work with spectrally localized
(hence smooth) functions rather than with rough objects. We naturally obtain bounds for
each dyadic block in spaces of type L{.LP. Going from those type of bounds to estimates
in LPTB;T requires to perform a summation in ¢"(Z). When doing so however, we do
not bound the LgB;r norm for the time integration has been performed before the ¢"
summation. This leads to the following notation (after J.-Y. Chemin and N. Lerner in
[10)):

Definition 4 ForT >0,s € R and 1 <r,p < 0o, we set

lllze 5= 1251 Agul g 1ol oy

One can then define the space EPTB;T as the set of tempered distributions u over (0,7") x
R? such that lim,, o Syu = 0 in LP([0,T]; L®(R%)) and llullze 5. < oo. The letter T
Tp,r

is omitted for functions defined over R*. The spaces ZpTBISW may be compared with the

spaces L;B;jr through the Minkowski inequality: we have
lullzs gy < Wulligsy, i r>p and ulzs, > lulls, i r<p
All the properties of continuity for the product and composition which are true in Besov

spaces remain true in the above spaces. The time exponent just behaves according to
Holder’s inequality.

28



Let us now recall a few nonlinear estimates in Besov spaces. Formally, any product
of two distributions u and v may be decomposed into

wv = Tyv + Tyu + R(u,v), where (5.59)

T,v ZZZSZ—WAZU, Tou —ZS; WA and R(u,v) Z Z A Apv.
1 1 lojr—i<1

The above operator T is called “paraproduct” whereas R is called “remainder”. The
decomposition (5.59) has been introduced by J.-M. Bony in [8].

In this article we will frequently use the following estimates (we refer to [3] section 2.6,
[12], [19] for general statements, more properties of continuity for the paraproduct and
remainder operators, sometimes adapted to E%B;T spaces): under the same assumptions
there exists a constant C' > 0 such that:

17wl g5, < Cllullz<llollgg, < Cllull g ol
, , 2.1 ’

ITuvll gsse < Clully, Mollsg, < Cllull glivllgg,  (E<0),

2,1

2,00 < Clillay lag, < Clul s ol (s1+52 > 0)
1R,y g < Cllullgsn 0l g2 < Cllullgn ol (514> 0). (5.60)

2,1

Let us now turn to the composition estimates. We refer for example to [3] (Theorem
2.59, corollary 2.63)):

Proposition 4 1. Let s >0, u € Bil NL>® and F € T/Vl[jlﬁ’oo(Rd) such that F(0) =
0. Then F(u) € Bil and there exists a function of one variable Cy only depending
on s, d and F such that

IF ()l 55, < Colllullze) ull 5 -

. d :
2. Ifuand v € B3, and if v —u € By, for s €] — 9] and G € WE(R4), then
G(v) — G(u) belongs to 3571 and there exists a function of two variables C' only

depending on s, d and G such that

1G(v) = G(u)ll g < ClJullze, vl o) (IG’( Nl g +lvll g ) o —ullgs -
’ 21 2,1 ’

5.1.2 Hybrid Besov spaces

As explained, in the compressible Navier-Stokes system, the density fluctuation has two
distinct behaviours in some low and high frequencies, separated by a frequency threshold.
This leads to the definition of the hybrid Besov spaces. Let us begin with the spaces that
are introduced by R. Danchin in [12] or [3] (we will use these spaces to prove estimates
with the Hybrid norms introduced in (1.6)):
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Definition 5 For a > 0, r € [0,00] and s € R we denote

def _IN1—2 A
lullgor =37 2 max(a, 27917 | Agul| 2
lEZ

In the present paper, we will only use these norms with r € {1, 00}:

lullgeee = Y 2 VAufe+ > 02| Az, and

I<logy(2) I>logy(2)
. 1 .
lullgsr = > 2OV Awl+ aQZS\MZUHL%
lglogQ(é) l>10g2(é)

Remark 24 As stated in [3] we have the equivalence

1
5 (el s +allullzg, ) < lullgzee < lull s + alul g,

We refer to definition 1.6 for the precise expression of the hybrid norms used in this article.
Let us just mention that this particuliar hybrid norm is accurate for our problem, but it
is also related to the hybrid norms introduced by R. Danchin:

Remark 25 If ¢ is small enough, we have ||ul| gs1 < [Jul|gs1 < |lul] go+1.s
1 € €

5.2 Results on hybrid norms

In this section we state and prove some estimates involving the hybrid Besov spaces
introduced in the beginning of the paper. These estimates are very close to the ones
proved in [12].

Proposition 5 Let s € R, a > 0. For all ¢ € BS> N B!, we have
ol < lal e lal 520

Proof : This proof is classical (see [12] appendix). We have:

lal, =" 21 Aul 2

leZ
. ols .
=Y (@ max(a, 27| gl 2)F (———— | Aug]12)
’ max(a, 271)
leZ
1 1
. 2 2[5 . 2
S
S IEZZQ maX «, 2= )HAlq”LQ ZGZZIIW’AZqHLQ

< gl e gl o2 M (5.61)

Proposition 6 Let s < d/2, t < d/2 — 1 such that s+t > 0. There exists C > 0 such
that for all (u,v) € BS™ x BS',

lwoll opog < Cllullgselloll g1

s+t—
2,1
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Proof : Using the Bony decomposition (see 5.59), we have uv = T,,v + Tyu+ R(u,v) and

st d
we will separately estimate these terms in B;jt ? thanks to the following lemma (see
[12] Proposition 5.3.)

Lemma 3 Let a > 0, a,b € R. Then we have

max(a,27%) < {1 if a>b,

max(c,270) T | 2079 if ¢ <b.

1- Let us begin with T,v = quz Sqg—1u.Agv. As for all ¢ € Z, Sj_1u.Ayv has its
frequencies localized in 29C’ (where C’ is a ring) we will bound the norm by estimating
QQ(S‘H_%)||Sq,1u.AqU||Lz. Using the Bernstein lemma,

20CH=9)|| S, 1w Agoll e < 2067 [N A e | Aol 2
q'<q—2

< als+t—9) S 275 |Agulrz | JAL: (5.62)
7'<q-2

As (u,v) € B> x B4, there exist two nonnegative sequences ¢, ¢’ € I1(Z) such that
llelln <1, ||d]ln <1 and for all j € Z,

|ul| 55, and ||AjUHL2S2_jtc;-max(a,2_3)||v\|§s,1, (5.63)

2= Is¢.
[Ajullpe € ————
max(a, 277)

so we can write that

+t—4 ) (s—d max (o, 279
206+ =3)|| S, ju. Al 2 < ,;22(q q')(s 2>Cq,cgm”u\|ézm||v\|§3,1,
q>q—

Thanks to the previous lemma, as ¢’ < ¢ — 2 we obtain

_d —q')(s—2
2062 ||Sgrulgull 2 < | D0 297D ey | cfllull gooe 0]l gt
q'<q—2

If we denote

ou(s—%5) if q>2
A, =
o if g <2,

then Z 2(‘1_‘1/)(5_%)0(1/ = (a*c)g, and as ¢, € I1(Z), a € I®°(Z) if and only if
q'<q—2
s < 2 then (axc).c € I}(Z) when s < ¢ and

IZullpoog < Cllullgsee 0]l -

By
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2- Let us now turn to T,u. The same arguments as previously give that for all ¢ € Z,

7q/
2q(s+t—%)‘|5q7w.Aqu||L2g Z 2(q_q,)(t—%)cq/0/%

q'<q—2

gy Il = el

This time, as ¢’ < ¢ — 2 thanks to the previous lemma, % < 907 and

_d —o(+—2&
21D Sy uwAgu] e < | D 207D ey | fluf goee [[0ll 5o
a'<q—2

Similarly, if we denote

) 20(t=5+1)  if ¢ > 2
o if g <2,

Then if ¢ < 4 — 1 we get that [|(b* o).l zy < bl @y el zyll€ |12 (z) and

ol g <l ol -

3- Finally, let us look at the remainder R(u,v) = Aqu(Ag—1v+Agv+Ay11v). Here when

q € Z the frequencies are only in the ball 278 and we estimate, for all j, 9d(sti=5) |A;R(u,v)]| 2.
If we perform the same computations as before we will end with the condition s+t > %.

We can get s+t > 0 if we first estimate the L?-norm by the L'-norm (using the spectral
localization) and then use the Holder estimate. Thanks to the Bernstein lemma:

26| AR (u,0) 2 < DD A R(u, )| 1
<260 Agull 2 (18g-10] g2 + [Agvll 2 + 18410l 2).  (5.64)
92j—No

As (u,v) € BE™ x B!, we can use (5.63) and get:

—gs
27%¢,

max(c,279)

2j(8+t*%)HAjR(u,v)HLz < 9i(s+t) Z
q>j—No

X (2’&0:],1 max (e, 2707 4 ¢ max(o, 279) + 27"¢/ ; max(a, 2*(‘1“))) . (5.65)

lull gooe x 27" [0l g2

Thanks again to lemma 3 and (5.63), we obtain:

22 Ay R(w, )] 2
< (14242 full g llvligss Y, 20796 ey (d) g+ + i)

q>j—No
< (142 + 27 Jullgeellvliger Y 29796 e, (5.66)
q=>j—No
Once again, if we denote
21(s+t) if j < Nj
dy =
0 else,
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As we want (d * ¢) € I['(Z) we now need that d € I'(Z) (d € I1°°(Z) is not enough as we
only could estimate ¢, ; + ¢, + ¢}, ; <1 in L* instead of L') which is true if and only
if s+¢ > 0. So when s+t > 0 we finally get:

HR(U7 U)HB;J;F% < Cs,t”’u”é(sx,oo H’L)Hézl

which ends the proof of the proposition. l
Remark 26 For allq € Bj;' N B, = B¥™ we have

lall gse < llall g2 + llall s,

and thanks to remark 25, when ¢ > 0 is small enough, for all ¢ € BS™"*, we have

lall g < llall ge+rss

so we can use the hybrid norms introduced in (1.6) and we will in fact use the following
results:

Proposition 7 Let s € R. There exists a constant C > 0 such that for all € > 0, and
allg € By7'NB3 N BETY® ) we have

lal, < Cllalggr + lallgg Dl e

Proposition 8 Let s < d/2,t < d/2 -1 sych tha‘t s+t > 0. There exists C > 0 such
that for all e > 0, and all (u,v) € (3531 n Bg,l) % Béﬂ,t’

vl evimg S Ol + g el

The authors wish to thank the anonymous referee for judicious remarks and sugges-
tions.
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